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1.0 Introduction

This is the final report for a 21 month study investigating the use of acousto-optic beam
steering for inter-satellite laser communications (lasercom). The basic technique is demonstrated in
a breadboard that uses a customized 2-dimensional acousto-optic (AO) Bragg cell deflector and a
magnifying optical system comprised of all off-the-she!f components. Important characteristics of
the AO Bragg deflector include high angular resolution, fast switching speed, high electrical and
optical efficiency, and high reliability with no moving parts.

The breadboard was designed to steer a laser over a range of 360° x 36°. Several unique
capabilities are provided by the AO deflector which are not possible with conventional steering
mirrors. For example, multiple simultaneous beams can be independently steered anywhere within
the total steering range. Also, the AO deflector can produce variable defocus or "zooming" that
increases the divergence of the transmitted beam anywhere from 1 to over 10 times the diffraction-
limited beam width. A direct-digital-synthesizer (DDS) was fabricated for the breadboard to
produce ultra-stable and fast switching frequencies for input to the AO deflector. All of the beam
control and diagnostic functions for the breadboard are provided by a menu-driven PC486-33
computer program.

The potential for reducing the overall size of an AO-based lasercom transmitter was also
investigated. Using customized optical components and miniaturized packaging techniques an
optical system equivalent to the breadboard demonstration could be reduced to the size of a
"shoebox" with no sacrifice of performance.

2.0 Executive Summary

This section briefly summarizes the significant results of the effort. An analysis was
performed that determined AO technology could meet or exceed all of the desired beam steering
specifications for a given "hypothetical” lasercom system (derived from the SDI Brilliant Pebbles
concept). Then the technology was experimentally demonstrated in a breadboard using the
hypothetical system specifications as design goals. The goal specifications and the final breadboard
results are listed in Table 2-1. Overall, the conclusion is easily made that acousto-optic technology
is a very effeciive beam stecring technique for usc in lasercom transmitter applications.

Table 2-1 illustrates that all of the goal specifications were met by the breadboard with the
exception of end-to-end optical efficiency. As explained in Section 5.3 this was partly due to poor
spectral quality of the infrared laser diode nsed in the breadboard (which reduced the Bragg cell
deflection efficiency), but mostly due to several optical components that were not designed to
operate at the 830 nm wavelength of the laser diode, which resulted in upproximately 70%
reflection losses. The projected efficiency of a customized optical system with a much lower lens
count and properly coated optics using a high quality laser diode source is at least 70%, as
discussed in Section 4.2.2.




Table 2-1. Breadboard Goal Specifications and Results

Goal Specification Breadboard Result
* steering range: approx. 180° x 45° * implemented 360° x 36° (2 sectors)
* transmit beam size: 0.36° round * successfully demonstrated
» zoom factor: minimum 10X (3.6°) * successfully demonstrated
* multiple beam generation: min. 4 « successfully demonstrated (can

"simulate” many more)

* end-to-end opucal efficiency: min. 50% ¢ 13% demonstrated (limited by laser and
>70% losses in "off-the-shelf" optics)

* steering response time: 30 microsec * successfully demonstrated

3.0 Background and Overview

In many communications scenarios lasercom has been shown to have significant hardware
advantages over traditional RF/microwave approaches: smaller apertures, lower power
consumption, and lower weight. These advantages can be directly related to the high carrier
frequency of the light which produces narrower beamwidths. In addition, there are significant
systems advantages including higher data rates, EMI immunity, jam resistance, and easy frequency
allocation. The component technology in lasers, detectors, and modulators is continuing to advance
at a rapid pace, leading to increased interest in lasercom for terrestrial and space-based applications.
However, the narrow beamwidths that help make lasercom attractive also increase the burden on
acquisition, pointing, and tracking (APT) functions.

The motivation for the present effort arises from the need to quickly steer a communications
laser over a very wide steering range using relatively small apertures and short link ranges. These
requirements were derived from the SDI Brilliant Pebbles scenario. In this scenario traditional
opto-mechanical approaches to beam steering become complex and e~pensive to implement, and
reliability becomes a concemn. In this report the design and development of a demonstration
transmitier subsystem using acousto-uptic (AO) technology is presented that meets or exceeds the
beam steering requirements for many lasercom applications.

AO deflector technology is very mature and proven reliable in many applications. AO
deflectors may also have utility as angular and wavelength discriminators for wide-angle lasercom
receivers. Although the present effort was primarily concerned with lasercom transmitter
applications there are numerous other related applications for AO deflectors including image
processing, robotic scanning/inspection systems, RF antenna processing, laser printing/marking,
visual displays, laser radar (LIDAR), and remote sensing. Closely related AO tunable filters
(AOTF) provide high resolution spectral analysis capability for LIDAK, remote sensing, and in the
analysis of covert optical communications or threat laser beams (warning sensors) in tactical
environments.




An ana!_ sis was performed to determine the minimum transmitter apertures (beain diameter)
required [or various link ranges. For example, Figure 3-1 shows link performance as bit error rate
(BER) versus link range for various beam diameters. The assumptions used in developing this
trade analysis are listed directly below Figure 3-1. This analysis was not concermned with the
performance of specific lasercom systems, but only with determining approximate beam diameters
for the design of the AO bcam steering subsystem.

Figure 3-1. Example Link Performance Analysis
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It may be seen in Figure 3-1 that for link ranges out to 1000 km an optical aperture as small as
1 cm may provide good BER performance. This result forms the basis for using very wide field-
of-regard (FOR) optics and beam deflection by a Bragg cell to achieve steering of the transmit
beam. The maximum steering range and transmitted beam size is related to the Bragg cell by

@range = TBW @bearn (3-])

where Orange 1s the desired transmitter steering range, Opeam 15 the beam divergence (chosen to
meet BER requirements), and TBW is a performance measure of the Bragg cell called the "time-
bandwidth product”, or also known as the "spot resolution number". In general, Bragg cell
efficiency deteriorates with increasing TBW, making it harder to achieve high optical throughput.

The important result of Eq. (3-1) is that the available transmitter steering range is ultimately
limited by the Bragg cell performance for a given transmitter beam size, as shown in Figure 3-2.




Figure 3-2. Beam Parameters vs. Acousto-optic Device Performance
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Three different values of Bragg cell TBW's are plotted in Figure 3-2, with a TBW of 500
representing an "easy” Bragg cell design and a TBW of 2000 representing a state-of-the-art design.
To obtain a full 360° steering range it may be seen that a moderately complex Bragg cell design
with a TBW of 1000 may be used with a beam divergence of about 6 milliradians (upper right hand
comner of plot). The maximum link range can then be determined based on specific link parameters
such as laser power, path loss, desired BER, background noise, etc.

Figure 3-2 suggests some interesting alternative applications for lasercom AO Bragg steering.
For example, in certain applications such as terrestrial or space data relays it is not necessary to
steer the beam over a very wide range, and larger transmit apertures may be required. Also, when
very fast steering speeds are not required over a wide steering range one may employ auxiliary
mechanical gimbals for coarse pointing. In these types of applications an AO Bragg deflector can
provide high performance "fine-tune” beam steering in association with the larger beam sizes. For
example, as shown in the lower left hand comer of Figure 3-2, a Bragg cell design of TBW =
1000 and a beam divergence of 2 microradians can provide a fine-tune steering range of 0.1°.
Therefore, AO Bragg steering also has utility in lasercom systems requiring transmit beams 10 cm
or more in diameter and link ranges well beyond 1000 km (referring to Figure 3-1).

The trade analysis presented in Figure 3-2 is not limited just to lasercom transmitters, but is
also valid for receivers. In other words, an AO deflector may be used in an optical receiver
employing wide FOR optics in order to select the desired angle of arrival to the photodetector. This
uses the AO device in the reverse sense from the transmitter: here one wishes to hold a constant
deflected angle (onto the detector) for various chosen input angles. In this application there is no
actual change in the Bragg cell itself, but only a change in the way that it is utilized. Since lasercom
receivers require somewhat larger apertures for low BER communication the lower left hand corner
of Figure 3-2 is generally the applicable region for receiver operation. As in the long range
transmitter case, for large receiver apertures the AO device serves primanly as a very fast fine-
tuning element with a courser steering assist from ~lower gimbal mechanisms as needed.

For the purpose of technology demonstration a breadboard lasercom transmitter was
developed that provides a 360° x 36° optical steering range. This is achieved optically by a ficld




splitter that divides the beam space and routes the Bragg cell output field to two optical
magnification sectors that each cover a 180° x 36° FOR. This concept, illustrated in Figure 3-3, can
be easily extended to provide three or more output sectors as required.

Figure 3-3. Breadboard Transmitter Optical Concept
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In order to achieve two axes of beam steering two Bragg cells tuned orthogonal to each other
are required. The time-bandwidth TBW, or spot resolution, required for the Bragg cells can be
determined from the ratio of total steering range to far-field beam width: 1000 (360°/0.36°) in the
horizontal axis and 100 (36°/0.36°) in the vertical axis. However, this would result in two highly
asymmetric Bragg cell designs, and since the optical field can be divided as shown in Figure 3-3, a
more equitable solution is to implement a 500 (horizontal) x 200 (vertical) spot Bragg cell pair and
optically split the field in half along the 200 spot axis. In the end, this approach produces the
optical equivalent of a 1000 x 100 spot Bragg cell pair.

The relatively small steering range that the Bragg cell inherently produces must be angularly
magnitied in order to meet the lasercom transmitter requirements. The 1.2° steering range of the




500 Spot Bragg Cell must be magnified to 180° as it exits the lasercom terminal. so an optical
magmnfication factor of 150X is required. Angular magnification results in an effective decrease in
the beam diameter. which in this case becomes 25 mm / 150 = 165 microns. For the 200 Spot
Bragg Cell the optical magnification factor required is approximately 70X. Due to the relatively
small beam sizes a simple wide angle 35mm camera lens was employed to achieve the required
optical magnification. Figure 3-4 illustrates the concept of the wide angle camera lens. The
breadboard optical design has been extensively modeled on CODE V® analysis software and
shown to have wavefront quality near A/10.

Figure 3-4. Optical Magnification Concept with Wide Angle Lens

To drive the Bragg cells an electronic subsystem was developed that uses direct-digital-
synthesis (DDS) to generate the required frequencies. Since the DDS system can switch
frequencies up to 50 times faster than the response time of the Bragg cells one can use time-
division-multiplexing of several frequencies in order to produce multiple simultaneous deflected
beams or similarly to create higher diverging beams for lasercom acquisition or close-range
communication purposes. The DDS system provides phase noise, spurious signal, and drift
specifications well within the requirements of the breadboard. The output of two DDS channels is
amplified before insertion to the two Bragg cells.

The breadboard control is implemented in a tum-key fashion with a 486-33 PC as the central
controller. A very user-friendly menu-driven software interface was developed in Visual Basic®.
The PC opens two windows on the monitor screen - the “"command” and "analysis” windows. In
the top half of the monitor the command window shows a flat representation of the 2-D beam
steering space (360° x 36°) with a small dot that indicates the current intended beam steering
direction. The angular coordinates of the intended steering direction are displayed next to the
window. Directly below the command window is the "analysis” window, which displays a real-
time image from the CCD array camera that is mounted at an intermediate focal plane of the Bragg
cell output. The analysis window thus provides a direct visual check on where the beam is actually
being steered vs. the intended direction displayed in the command window. The actual pointing
coordinates can be calculated and displayed using a centroiding algorithm that operates on the CCD
image data. Figure 3-5 shows a simplified schematic of the demonstration breadboard hardware.




Figure 3-5. Simplified Breadboard Schematic
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The CCD cainera and image analysis software serve as a built-in diagnostic system for the
breadboard. Performance parameters that can be directly measured include beam size, beam shape,
beam location, scan range, scan linearity, optical efficiency, zoom factor, and multiple beam
geaeration. The CCD camera does not respond fast enough to measure the 30 microsecond
switching response.

The PC converts intended steering directions selected in the command window into new
horizontal and vertical frequencies for the DDS frequency generator that feed into the Bragg cells.
16-bit frequency data words are loaded into 4096-word FIFO (first-in first-out) memories on a
custom digital interface board, and ihe FIFO memory is cortinuously cycled to the DDS at the rate
of 400 nsec/word. Therefore, to completely fill the 40 microsecond (25 mm) aperture of the 500
Spot Bragg Cell only 100 of the 4096 available FIFO words need to be occupied. In other words,
if the FIFO contents are forced to change more rapidly than 100 words at a time then only partially
developed defl=ction beams will be produced by the Bragg cells due to subaperture fill times. A
simplified schematic of the electronics subsystem is shown in Figure 3-6.




Figure 3-6. Simplified Electronics Schematic
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Optical defocus or "zooming" of the beam is executed from a pull-down menu in which zooms
from 1X to 11X may be selected. The nominal beam steering direction is unchanged by the
zooming function. Specific zoom ratios are accomplished by a combination of multiple frequencies
switched at specific duty cycles. The different frequencies will deflect beams in different
directions, and the abbreviated duty cycles (less than the full Bragg cell aperture) create smaller
diffraction apertures and hence wider divergence angles. The combination of these two effects can
be tailored to produce infinitely varying zoom ratios. The FIFO memories are loaded with the
appropriate frequency data and duty cycles such that all the required frequencies are always present
within the Bragg cell aperture. For example, Figure 3-7 illustrates the spot pattem that results in a
5X beam zoom using 3 frequencies per acoustic axis switched at a duty cycle of 1/3 the Bragg cell
aperture of each axis.

Figure 3-7. Example Beam Pattern of SX Zoom
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4.0 Subsystem Components
4.1 Acousto-optic Bragg Cell Design and Test

The design of Bragg cells requires a detailed understanding of the fundamental processes
illustrated in Figure 4.1-1, which will not be discussed in detail here since many references have
covered this in the past. Briefly, an input sinusoidal electrical signal is converted to traveling
acoustic waves in the Bragg cell by a pi=zoelectric transducer.

The acoustic waves produce a refractive index grating through the photoelastic effect, by which
the incident light beam is angularly deflected according to the standard theory of diffraction from
peniodic gratings. The grate spacing will be an inverse function of frequency, and to first order the
deflected optical beam angle will be a linear function of the input frequency.

Figure 4.1-1. Fundamental Acousto-optic Process
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It may be seen in Figute 4.1-1 that the AO material parameters that determine the deflected
beam angle, OD, are the acoustic velocity, v, and optical index, n. Material parameters that
determine thc amount of light that is defiected include ths acousuc attenuation coefficient I
[dB/m/GHz2 ] and the deflection figure-of-merit M2 = n 6p2/(pv3) [s3/kg), where p is the mass
density and p is the photoelastic constant. The time-bandwidth parameter, TBW, is defined as the
product of: 1) the time that it is required for the acoustic signal in the Bragg cell to traverse the
width of the input optical beam, Do, and 2) the bandwidth of the electrical stimulus, BW. This is
expressed as

TBW = (Do /v) BW (4.1-1)

where (Dg / v ) is the acoustic transit time. From Eq. (4.1-1) it appears that a large TBW can be
obtained by simply choosing a material with low velocity and by using a large electrical bandwidth
for a fixed beam width. However, there are other practical limitations, since one must also
consider the cffects that a large bandwidth may have on the deflection efficiency. Oae limitation to




the bandwidth arises due to the increase of acoustic attenuation, I, with frequency. For most
acoustic crystals the intrinsic attenuation varies “vith approximately the square of the operation
frequency. A simple denvation shows that TBW is lim.'ed by acoustic attenuation according to

TBW = 1017 /(v BW) (4.1-2)

where the assumption is made that the fractional bandwidth (BW / f;) is approximately 0.5 for ease
of impedance matching to the acoustic transducer. Performance vs. material trades can therefore be
made by solving Eq. (4.1-2) for BW and then Eq. (4.1-1) for Dg until an overall optimum Bragg
cell design is achieved.

There is, however, another major consideration for the choice of acoustic material: the
potential wavefront distortion of the deflected beam due to thermal gradients in the material. The
thermal gradients arise due to the imperfect conversion of the input electrical signal into acoustic
waves by the transducer, and also to some degree by acoustic attenuation within the Bragg cell. A
thermal distortion figure-of-merit can be defined for acoustic materials as

Mth=nM2k/{ (4.1-3)

where x [W/m/°C] is the thermal conductivity and £ [1/°C] is the temperature dependence of the
acoustic velocity. The appearance of n and M2 in this definition reflects the fact that matenals with
higher diffraction potential require less drnive power for a given level of optica! efficiency and hence
eam a better Figure of merit for thermal distortion. If thermal distortion is a problem, selective heat
sinking of the Bragg cell can often alleviate the situation by predominantly forcing only easily
correctable linear and/or quadratic distortion terms to occur. Similarly, a figure-of-merit for optical
deflection efficiency is given by

Mde =M2/ (vT1/2) (4.1-4)

where the acoustic attenuation parameter, I', and velocity, v, account for the practical limitations
imposed on the actual design of high time-bandwidth Bragg cells. A material trade for high TBW
Bragg cells can then be made by plotting Mh versus Mde as shown in Figure 4.1-2 for six
common Bragg cell materials. The shear-wave <110>-mode in Tellurium Dioxide (TeO2) is seen
to have the best overall combination of features for this type of application. The <110>-mode of
TeO? has been well e flored in the literature due to it's very slow velocity of 617 [m/sec] and very
high M2 = 1.2 x 10-1 [s /kg), and |s commonly referred to as "slow-shear” TeO2. The rather
high value of G = 22000 [dB/m/GPz ) in slow-shear TeO? severely limits it's bandwidth range
via Eq. (4.1-2), but does not typically degrade optical efficiency at smaller bandwidths due to the
offsetting effects of the very high M2 via Eq. (4.1-4). There are, however, numerous
complications involved in prcperly utilizing slow-shear TeO2 in practice, especially due to it's
acoustic anisotropy and optical birefringent properties.

With TeO2 as the chosen acoustic material the bandwidth can be found from Eq. (4.1-2) to be
about 14 MHz for the 500 spot (horizontal) acoustic axis. The beam diameter Do can then be
found from Eq. (4.1-1) to be 22 mm. This resuits in a 100% switching response time of Do/v =
36 microsec. If the beam diameter for the 200 spot axis is chosen to be 11 mm (in order to
produce a 2:1 aspect ratio corresponding to the output of many laser diodes) then the bandwidth
from Eq. (4.1-1) is 12 MHz, which is well beiow the maximum limit imposed by Eq. (4.1-2).
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Figure 4.1-2. Acoustic Material Figure-of-Merit Trade
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As mentioned previously, the choice of center frequency is somewhat complicated by the
birefringence in TeO2. A low center frequency is typically desired in order to reduce acoustic
attenuatior, and a fractional bandwidth of less than 60% is also desired for piezoelectric transducer
and impedance matching requirements. In the pure <110> "slow shear” mode of TeO2 the inherent
center frequency is fixed at about 24 MHz for an optical wavelength of 830 nm. This would result
in a marginal fractional bandwidth of 58%. A Bragg cell designed at this frequency, however, will
have a severe degenerate notch in the deflection response when driven to high optical efficiency
centered at the 24 MHz frequency.

The explanation for this "self” or "1-tone" degeneracy is illustrated in the momentum-matching
diagram of Figure 4.1-3. The incident and deflected output light vectors, ki and ko respectively,
are defined by 2mtny/A, where the extraordinary index (ne) is used for the incident light and the
ordinary index (ng) is used for the output light. For a Bragg interaction to occur these two vectors
must form a triangle with the acoustic vector K3, defined by 2rf/v. Due to the symmetry of the
pure-mode <110> interaction it is seen that the deflected beam may be re-deflected to the outer
index along k'g at the 24 MHz center frequency. The degenerate interaction, denoted by the primed
k's in Figure 4.1-3, does not have as much bandwidth due the non-tangential nature of the
interaction, leading to the notch formation in the response band of the primary interaction.

The degeneracy may be removed, and/or the center frequency increa..J, by rotating the
acoustic mode slightly off of the pure-mode <110> slow-shear axis. Alteratively, the center
frequency could be increased by utilizing a phased array piezoelectric transducer. In other
applications it may also be advantageous to rotate the optical axis of the Bragg cell. For the present
application a simple acoustical rotation is the logical choice based on a trade of electrical drive
power and size of the TeO3 crystal. However, in a 2-D deflector it is not possible to acoustically
rotate both axes in a single crystal without also inducing unwanted optical rotations. The easiest
solution to this dilemma is to use two separate crystals that are each acoustically rotated. These can
then be brought together, or even glued together, to form a quasi-monolithic single Bragg cell.
This approach also serves to reduce the fabrication complexities of a 2-D single crystal Bragg cell.




Figure 4.1-3. Degenerate Response in On-Axis TeO3
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Several primary issues must be addressed in acoustically rotating a TeO2 crystal: the center
frequency and bandwidth of the interaciion, the "walkoff" of the acoustic energy in the crystal due
to anisotropy of the velocity, and the conjugate frequency pair at which secondary interactions
occur. These secondary interactions are actually split manifestations of the degenerate 1-tone
interaction that occurs in the <110> pure-mode, and may be considered as “2-tone" degeneracies
since two frequencies are involved. For applications where only one frequency is introduced into
the Bragg cell at a time then 2-tone degeneracy is not a concemn. [or the lasercom demonstration
system, however, it is desired to use discrete simultaneous frequencies to produce multiple
deflected beams, so if a 2-tone degeneracy exists then it wouid likely be encountered in operation.

Figure 4.1-4 illustrates the concept of acoustic rotation and the usable bandwidth region where
1- and 2-tone degeneracy can be avoided. In this configuration the 1-tone degeneracy is prevented
as long as the bandwidth does not extend below the frequency corresponding to Kjo. This also
happens to be the condition for preventing 2-tone degeneracies since it can be seen that frequencies
higher than that corresponding to K|]o cannot re-maich to the outer index. The only practical
limitation to the upper end of the bandwidth is how well the line of interaction matches to the inner
index. For maximum bandwidth the interaction line should not be perfectly tangent to the inner
index but should be slightly "de-tuned" by the input kj angle so as to bisect the inner index in two
places with a small offset mismatch at the center frequency.
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Figure 4.1-4., Rotated AO Interaction in TeOQ2: High-Band Mode
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Note that the rotated AO interaction illustrated in Figure 4.1-4 may be reversed in operation
such that the degenerate interaction is utilized as the primary interaction, as shown in Figure 4.1-5.
In this case 1- and 2-tone degeneracies are prevented as long as the bandwidth does not extend
above the frequency corresponding to Kpj. It can be seen in Figure 4.1-5 that the acoustic vectors
are shorter than in the previous case, so this orientation is referred to as the up-shifted low
frequency interaction, or "low-band” mode. The advantage of the low-band mode is less acoustic
attenuation and, more significantly, a wider bandwidth due to the fundamental 1/fc dependence of
interaction bandwidth for a given transducer size.



Figure 4.1-5. Rotated AO Interaction in TeO2: Low-Band Mode
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The theoretical small-signal deflection response of both the high- and low-band modes is
shown in Figure 4.1-6, normalized to 1 watt of electrical drive power. Here the acoustic rotation is
2° and the optical aperture is 22 mm as required for the 500 Spnt Bragg Celi axis. It can be seen
that the center frequency of the low-band mode is hardly changed from the non-rotated case of =
24 MHz due to the circularly-symmetric nature of optical activity in the vicinity of the <001> axis,
but the high-band mode center frequency has moved significantly upward to nearly 40 MHz.
Degenerate effects are not included in the responses shown in Figure 4.1-6.

In order to obtain the required 14 MHz bandwidth for the 500 Spot Bragg Cell axis it is seen
from Figure 4.1-6 that only the low-band interaction mode is practical. The 1-tone degeneracy
occurs at about 33 MHz, and since the degenerate notch width is about 10% of the total interaction
bandwidth then the upper bandwidth limit of the low-band mode should not excced 31 MHz.
Therefore the 500 spot acoustic axis can be satisfied with a 14 MHz bandwidth centered at 24 MHz
on the low-band interaction mode. The resulting fractional bandwidth is 58%.
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Figure 4.1-6. Theoretical Deflection Response of Low- and High- Band
Interactions in 2° Acoustically Rotated TeO3
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The same center frequency of 24 MHz was chosen for the 200 spot acoustic axis in order to
use duplicate and interchangeable electronic frequency generation circuits for the two Bragg cell
axes. The deflection response of the 200 spot axis is essentially the same as that shown in Figure
4.1-6 for the 500 spot axis. For acoustic rotation angles less than 4° the energy walkoff angle due
to anisotropy is about 10 times greater, so for a 2° acoustic rotation the crystal must be sized
properly for a 20° beam propagation over the optical aperture length. The approximate dimensions
of the 500 Spot Bragg Cell are shown in Figure 4.1-7. Acoustic reflection interference from the
back surface of the Bragg cell is almost completely eliminated by appropriately beveling and
coating the back surface with a proprietary acoustic absorbing material.

RF impedance matching circuits were designed and constructed for the Bragg cells. The
schematic of these circuits is shown in Figure 4.1-8. Relatively simple LC "pi"-type circuits were
used for the matching, and were they constructed with discrete micro-chip components (inductors
and capacitors) due to the relatively low frequencies involved. The starting point impedance for the
200 Spot Bragg Cell and the final matched impedance are shown in Figure 4.1-9, in Smith Chart
form. Similar data for the 500 Spot Bragg Cell is shown in Figure 4.1-10.




Figure 4.1-7.

Dimensions of 500 Spot (Horizontal) Bragg Cell
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Figure 4.1-8. Bragg Cell Impedance Match Circuits
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Figure 4.1-9. Starting and Finishing Impedance for 200 Spot Bragg Cell

Starting Impedance Finishing Impedance

Figure 4.1-10. Starting and Finishing Impedance for 500 Spot Bragg Cell

Starting Impedance Finishing Impedance

The resulting VSWR for the 200 and 500 Spot Bragg Cells is shown in Figure 4.1-11.
The frequency range in Figures 4.1-9 through 4.1-11 ranges from 15 to 35 MHz, although only 17
to 31 MHz is actually used during operation of the Bragg cells. The VSWR values over the range
of operation are are no worse than 2.5:1, corresponding to an electrical insertion loss of less than
1.0 dB (= 20% power transmission loss). All subsequent Bragg cell performance references to
deflection efficiency vs. drive power (i.e., expressed as %/Watt) include this RF matching loss.

The small-signal deflection efficiency response of the 500 Spot Bragg cell is shown in
Figure 4.1-12. The theoretical response is shown on the left-hand side, assuming a flat matching
VSWR of 2.0. On the right-hand side of Figure 4.1-12 is the experimentally measured response,
which has a match VSWR of about 2.0 at 20 MHz as was shown in Figure 4.1-11. The small-
signal response 1s a commonly used measurement for acousto-optic devices because it avoids the
issue of the non-linear deflection response with increasing RF drive power. In other words, it is a




convenient method for comparing the efficiency performance of different AO devices without
having to state the exact drive power that was used. The peak response. measured at about 20
MHz, is seen to be =700%/W. The slight deviation from the theoretical response at frequencies
greater than 20 MHz can be seen to be at least partially due to the rising VSWR in Figure 4.1-11.
Very similar results were obtained for the 200 Spot Bragg cell. except the peak efficiency was
measured to be about 400 %/W.

Figure 4.1-11. Matched VSWR for 200 and 500 Spot Bragg Cells
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Figure 4.1-12. Theoretical vs. Experimental Deflection Efficiency
of the 500 Spot Bragg Cell
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The optical switching response, or steering speed, of the SCO Spot Bragg Cell was
measured using a pulsed inout RF signal. Since the optical deflection angle is a function of the RF
frequency that is inserted into the cell, then the speed at which the angle can be changed depends
or: how fast the frequency content of the cell can be changed. The switching speed will therefore
be determined by the ratio of the illumination beam width over the acoustic velocity. For this test
the 500 Spot Cell was illuminated with an accurately measured 24 mm wide optical beam, which
should corre-pond to about 40 psec of acoustic aperture if the acoustic velocity is 620 m/sec in the
slow-shear TeO>. For a given beam width the switching speed is solely determined by the acoustic
velocity, so this test is really a verification of the acoustic velocity of the Bragg cell. Therefore, if
an RF pulse of 15 psec duration is input to cell then it should require a total of 55 psec from the
time that the pulse first enters the illumination aperture until it completely disappears. If the
deflected beam is monitored on a photodetector then the response should be seen to
correspondingly nise and fall within the same 55 psec. This test and the experimental results are
illustrated in Figure 4.1-13.

Figure 4.1-13. Switching Response Test
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The illumination for the test in Figure 4.1-13 was a Gaussian intensity profile; had the
illumination been uniform then the response would have had a flat "plateau” between about 15 and
40 psec. The response is seen to correctly rise and fall at the 55 psec interval, confirming that the
100% switching response time is 40 psec for the S00 Spot Bragg Cell. Note that the response
peaks at about half the c.w. response simply due to the fact that the RF pulse always occupies less
than half of the illuminatior. aperture. The 200 Spot Bragg Cell similarly would have a 200 psec
switching speed due to it's smaller 20 psec aperture.




Figure 4.1-14 illustrates the "saturated” response of the 500 Spot Bragg Cell. At about 400
mW of input RF power the deflection response peaks on this cell and will actually start to decline
with increasing drive power. This saturation effect will cause the frequency response of the cell to
flatten out to a large degree as shown in Figure 4.1-14. The saturated response is seen to deviate
about +5% around the nominal value.

Figure 4.1-14. Saturated Response of the 500 Spot Bragg Cell
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A thermal analysis was performed on the Bragg cells to investigate the potential wavefront
distortion effects caused by temperature gradients inside the cells. Imperfect conversion of the
input RF drive power at the piezoelectric transducer is the source of thermal heating, and additional
heating occurs due to absorbed acoustic energy at the end of the cell and acoustic aticnuation along
the length of the cell. The resulting temperature gradients can cause optical distortions due to
thermal expansion of the width of the Bragg ceil (W) and the temperature dependence of the

acoustic velocity (v)and index of refraction (n). The optical phase, ¢g, at position "I" from the
transducer end of the cell along the exiting face is given by

{

¢’B([)=27t(ff Lax+
0

n(I)W(Q \

(4.1-5)

where f is the RF frequency of excitation (i.e., =24 MHz) and A, is the optical wav length.




Figure 4.1-15 shows the parameters and geometry of the heat sinking used in the thermal
analysis, and Figure 4.1-16 shows the results of the analysis. The top of Figure 4.1-16 shows the
optical wavefront contours that would result from the temperature gradients, and the bottom of
Figure 4.1-16 shows the "corrected” wavefront contours when the simple tilt and quadratic focus
terms have been removed. The focus correction can be easily implemented by adjusting the
appropnate spherical lens in the breadboard optics, and the tilt term is simply an angular deflection
offset. This shows that heatsinking at the back face of the cell produces a very large region of the
Bragg cell that is predominantly free of optical aberrations to less than A/10 peak-to-valley. This
occurs because the symmetry of the temperature gradients along the acoustic axis of the cells lend
themselves to well behaved optical distortions that are of low enough order (spherical and linear) to
be easily corrected.

Figure 4.1-15. Geometry and Parameters for Thermal Analysis
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Figure 4.1-16. Raw and Cecrrected Wavefront Contours
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4.2 Optics
4.2.1 Demonstration Optics Design
The purpose of the demonstration optics was to show proof of concept without the expense

of building a custom system. Figure 4.2.1-1 illustrates the layout of the demonstration optics. All
off-the-shelf optical components were used (except for the Bragg cells) in the breadboard design.

Figure 4.2.1-1. Demonstration Optics Layout
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Table 4.2.1-1 contains a list of parts in the Lasercom system illustrated above. Only one 180
degree field is enumerated, with the other field identical.

Table 4.2.1-1. Demonstration Optical Hardware List

1)  The base plate is a 2 inch thick 3 foot square optical table with a one inch 1/4-20 hole grid
pattern.
2)  The 25 mW 830 nm laser and collimator.
3)  The 10 mW 670 nm laser and collimator.
4) A 2X anamorphic corrector prism pair.
5)  Hot mirror beam combiner (reflects IR, passes visible).
6) A half wave plate and a quarter wave plate.
7) A 6X beam expander.
8) A 2inch Folding Mirror.
9)  The Horizontal Bragg Cell.
10) A half wave plate.
11) The Vertical Bragg Cell.
12)  The Horizontal Fourier Transform Lens (300 mm).
13)  The camera pickoff beam splitter, the camera’s Vertical Fourier transform lens, and CCD
camera suspended above.
14)  Holds the Vertical Fourier Transform Lens (80 mm) for the projection legs.
15)  The image divider mirrors, and two 40 mm Lenses (one for each half field).
16)  Camera support post.
17) 100 mm lens.
18) A 2 Inch fold mirror.
19) A 3 Inch fold mirror.
20) 150 mm lens.
2D 150 mm lens.
22) 8 mm Nikon Fisheye lens.

The optics consist of several sections. The first part is the illumination optics (2-8),
followed by the Bragg cells that do the beam steering (9-11). Next come the Fourier transform
optics that form the beam waists (12-14). The beam waist field is then divided in half and each half
reimaged to ihe input field of the fisheve lenses (15-21). Finally, the fisheye lenses project the
beams out to free space (22).

This system was optimized for an 830 nm laser. However, to provide a visible
demonstration capability, a 670 nm laser was also provided. With the 670 nm laser however, the
bandwidth of the Bragg cells is only half that for the 830 nm laser. The power to the laser is
provided by a BNC connector on the back panel of the system control box. This connector
supplies 5 volts to the two laser drivers. Inline on the power cable is a switch that selects either the
RED laser or the IR laser. Only one laser can be used at a time to avoid spot confusion at the CCD
camera plane. The aspect ratio required at the Bragg cells is 2:1 with the long axis in the horizontal
direction. The aspect ratio out of the RED laser is 4:1, so a 2X prismatic beam expander is used to
form the correct ratio. The output of the IR laser is about 2:1, so no correction is required.

The beams are combined using a hot mirror. A hot mirror is a dichroic surface that reflects

IR (above 700 nm) and transmits visible light. The beam sizes at this point are about 2 by 4 mm.
A 6X beam expander is used to create a 12 by 24 mm beam to illuminate the Bragg cells. The
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Fourier Cylinders then form a scan plane with a field of 500 spots by 200 spots. A beamsplitter
reflects a small portion of the light to the CCD TV camera for spot position monitoring. The top
half and bottom half of the fields are divided by a mirror pair into the left field and right fields, each
with 500 by 100 spots. These fields are then reimaged and magnified to fill the input aperture of
the fisheye lens. The fisheye then projects the spots to fill each half field of 180 degrees
horizontally by +/- 18 degrees vertically.

The alignment procedure listed in Table 4.2.1-2 assumes that all the optical mount holders
are in their normal positions (see Demonstration Optics Layout, Figure 4.2.1-1). The optical axis
should be aligned to be 5 1/2 inches above the optical table. At all times observe laser safety
precautions' Useful tools not supplied are an infrared viewer, an IR sensitive viewing card, a
power meter, and an oscilloscope.

Table 4.2.1-2. Alignment Procedure

1) Place 830 nm laser with collimator into holder (2).

2)  Rotate the laser beam to a clear area of the table.

3)  Adjust laser until near and far field of beam is at S 1/2 inches above the table.

4)  Aim the beam at the center of the dichroic splitter (5).

5)  Adjust the splitter angle to maintain the 5 1/2 inch height and project the beam along the line
of components (6), (7), and (8).

6)  Center the half wave plate and the quarter wave plate (6) on the beam.

7)  Center the 6X beam expander (7).

8)  Before inserting turning mirror (8), use the collimation tester (supplied) to adjust the
collimation out of the 6X beam expander. Rotate the focus ring until the fringes on the view
screen are parallel to the shadow of the wire.

9) Insert tuming mirror (8) centered on the beam and folding 90 degrees toward the horizontal
Bragg cell.

10)  Position the horizontal Bragg cell (9) in the center of the beam.

11)  Place a 300 mm lens (supplied) after the cell, and project the spot onto a detector with the
detector output displayed on a scope.

12)  Energize the cell by starting the software. Select Scan Horizontal from the menu.

13)  Adjust the position and angle of the cell to maximize the output on the detector and maintain
a flat bandshape.

14)  Iteratively adjust the rotation of the halfwave and quarterwave plates (6) to maximize the
output of the horizontal cell. Greater than 80% throughput efficiency can be obtained.

15)  Remove the 300 mm lens.

16)  Position the halfwave plate (10) in the center of the diffracted beam.

17)  Position the vertical Bragg cell in the center of the diffracted beam.

i8)  Place a 300 mm lens (supplied) after the cell, and project the spot onto a detector with the
detector output displayed on a scope.

19)  Energize the cell by starting the software. Select Scan Vertical from the menu.

20)  Adjust the position and angle of the cell to maximize the output on the detector and maintain
a flat bandshape. '

2D Iteratively adjust the rotation of the halfwave plate (10) to maximize the output of the
vertical cell. Greater than 80% throughput can be obtained.

22)  Select Scan Diagonally from the software menu and check the composite deflection
efficiency. Greater than 60% should be available across the band.




23)
24)
25)

26)
27)
28)
29)
30)

31)

32)
33)
34)
35)

36)

37)
38)
39)
40)
41)
42)
43)

45)
46)
47)
48)

49)
50)

Note:

Table 4.2.1-2. Alignment Procedure (Continued)

Remove the 300 mm lens.

Place the 300 mm cylinder lens in position (12). This focuses the scan horizontally.
Place the beamsplitter (13) so that the diffracted light passes through and is reflected
upward.

Position the vertical Fourier lens (14) into position, centered on the beam.

Position a second cylinder lens above the beamc plitter, supported off vertical post (16).
Suspend the CCD TV camera also from post (16).

Center diffracted light on the camera.

Select Scan Vertically from the software and focus the line of light on the camera by
moving the camera position up and down.

Select Scan Horizontally from the software and focus the line of light on the camera by
moving the suspended cylinder lens.

Select Multibeam, 8 beam demo from the software menu.

Center the pattern on the TV camera by moving the camera.

The TV camera setup may have to be repeated after the projected beams are set up.
Focus cylinder lens (12) and (14) to form an image in front of folding and splitting
mirrors (15).

Position splitting mirrors (15) to deflect the top half of the image to the left and the bottom
half of the image to the right.

Choose the pattern file RIGHTO.PTN from the File Open menu.

Position the 40 mm lens (15) for a straight projection of the beams.

Position the 100 mm lens (17) in the center of the beam.

Position mirror (18) to direct the beams toward mirror (19).

Observe the image at position (19). Individual spots should be observed.

Position Mirror (19) to center the image in the center of the following lens positions.
Center lens (20) on the beam.

Center lens (21) on the beam.

Insert the Nikon Lens (22) into its holder.

Focus lens (17) to obtain clean spots on the screen.

Position mirror (19) to center the array of spots in the vertical direction and horizontally.
Finely adjust the position of lens (22) along the beam path to set the outer spots at the
outer edge of the observation screen.

Iterate any adjustments out of tune.

Repeat for the other projection leg.

The system can only be nominally adjusted for one wavelength laser at a time. If the 670
nm laser is used for alignment, then the 830 nm laser will no longer be aligned.

The following sections provide the CODE V® design data for the breadboard system. Table

4.2.1-3 and Figure 4.2.1-2 cover the Front-end Demonstration Optics Design and Layout, from
laser to Bragg cells. The CODE V® design tool works better when starting from an infinite object,
so the data below starts with the collimated beam in the Bragg cells and works backward toward
the Aspherical lens in the laser collimator.
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Code V® design data, from Bragg cells to laser diode.

XDE:
XDC:
ADE:
ADC:

RDY
INFINITY
INFINITY
INFINITY
INFINITY
INFINITY
INFINITY
INFINITY
INFINITY
0.000000

100
45.000000
100

INFINITY

-125.26610

115.19900
555.66760
-73.85900

-110.00000

INFINITY
~31.67600
INFINITY
-31.67600
INFINITY
INFINITY
INFINITY
INFINITY
INFINITY
0.000000
100
40.000000
100

INFINITY
3.03022

-0.233433

«©

9.29061
INFINITY
INFINITY
INFINITY

THI RMD GLA
INFINITY
35.060000 *TEQ2"
25.000000
3.000000 BK7 SCHCTT
25.000000 -
35.000000 'TEO2'
50.000000
0.000000 REFL
YDE: 0.000009 2DE: 0.000000
YDC: 100 2DC: 100
BDE: 0.000000 CDE: 0.000000
BDC: 100 CDC: 100
-50.000000
-7.997000 SK11_SCHOTT
-4.205C00 SFS5_SCHOTT
-0.748000
-5.776000 SF11_SCHOTT
-87.180000
-2.080000 SF11_SCHOTT
-2.080000
-2.(80000 SF11_SCHOTT
-£0.000000
-3.000000 BK7_SCHOTT
-25.000000
-3.000000 BK7_SCHOTT
-50.000000
0.000000 REFL
YDE: 0.000000 2DE: 0.000000
YDC: 100 ZDC: 100
BDE: 0.000000 CDE: 0.000000
BDC: 100 CDC: 100
50.000000
3.00¢0¢CC SFS7_SCHOTT
KC : 0
CUF : 0.000000 CCF: 100
B :=-.407418E~04 C :=~.112171E~05
BC : 0 cc 0
1.000000
1.200000 BK7_SCHOTT
0.695980
0.000000

Table 4.2.1-3. Front-end Demonstration Optics Design

ccYy
100
100
10C
100
100
100
100
100
BEN

100
100
100
100
100
100
100
100
100
100
100
100
100
100

100
BEN

100
0

bC

100
100
100

THC
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100
100
100
100
100
100
100
100

100

100
100

100
10C
PIM
100
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Table 4.2.1-3. Front-end Demonstration Optics Design (Continued)
SPECIFICATION DATA

EPD 25.00000
LIM MM
WL 830.00
REF 1
WTW 1
XAN 0.00000
YAN 0.00000
vUx 0.00000
VLX 0.00000
viJY 0.00000
vLY 0.00000

APERTURE DATA/EDGE DEFINITIONS
CA

CIR Sl 20.000000
CIR S2 20.000000
CIR 83 15.000000
CIR S4 15.000000
CIR S5 20.000000
CIR S6 20.000000
CIR §7 25.000000
CIR 89 25.000000
CIR S10 25.000000
CIR s11 25.000000
CIR s12 25.000000
CIR S13 24.000000
CIR sl4 7.000000
CIR S15 5.500000
CIR S1é 7.000000
CIR 817 5.500000
CIR S18 12.500000
CIR S20 12.500090
CIR s21 12.500000
CIR S22 12.500000
CIR s24 2.500000
CIR 825 2.500000
PRIVATE CATALOG

PWL 830.00

'THIN' 1.010000

PAL 830.00

'TEQ2' 2.200090

REFRACTIVE INDICES
GLASS CODE 830.00

SFS7 SCHOTT 1.821707
SF11 SCHOTT 1.763120
SFS SCHOTT 1.657453
SK1T SCHeTT 1.556411
BK7 SCHCTT 1.510206
'TED2! 2.200000
SOLVES
PIM
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Table 4.2.1-3. Front-end Demonstration Optics Design (Continued)

This is a decentered system. If elements with power are
decentered or tilted, the first order properties are prokcably
inadequate in describing the system characteristics.

INFINITE CONJUGATES

EFL 26.9927
3FL 0.6960
FFL 7102.4964
FNC 1.0797
IMG TIS 0.6960
OAL -64.9460
PARAXIAL IMAGE

HT 0.0000
ANG 0.0000
ENTRANCE PUPIL
DIA 25.0000
THI 0.0000
EXIT PUPIL

DIA 0.0950
THI 0.7986

Figure 4.2.1-2. Front-end Demonstration Optics Layout

50 MM

Input to Cell from Laser Diode HAR 6-JUL-93




The data for the Back-end Demonstration Optics Design, Table 4.2.1-4 and Figure 4.2.1-3,
covers the demonstration optics from the output of the Bragg cells through to the output of the
Fisheye lens. Because Nikon does not release design data for their lenses. the CODE Y®
description of the Fisheye lens is an approximation. This approximation was obtained by having
CODE V¥ optimize the performance of the lens until it matched the published lens data such as
focal length, field. nodal positions and lens count.

Table 4.2.1-4. Back-end Demonstration Optics Design

Output From Bragg Cell.

RDY THI R’MC GLA cCy THC GLC
QBJ: INFINITY INFINITY 100 100
3T0: CNFINITY 4¢.Q¢ccC0C 100 100
2: L33.6.000 5.30C002 BK7_SCHCTT 1C0 10¢C
YL
DX INFINITY 100
3: INFINITY 220.50510: 109 o]
q: INFINITY 5.000000 BK7_SCHOTT 10C 120
CYL:
RDX: 41.49600 100
S: INFINITY 97.612781 100 0
6: 6€9.12100 2.000000 SFS SCHOTT 160 180
7: 17.1375%0 3.500000 SK1T_ScCHOTT 100 100
8: -25.58640 60.308441 100 100
9: 177.46180 3.000000 SFS SCHOTT 100 100
190: 42.40620 7.00000C0 SK1T SCROTT 100 100
11: -63.41870 424.559359 - 100 100
12: 77.80500 14.000000 BK?7 SCHOTT 100 100
13: INFINITY 62.278121 - 100 100
14: 77.80500 14.000000 BK7_SCHOTT 100 100
15: INFINITY 8.330962 100 100
16: INFINITY 0.100000 BK?7_SCHOTT 100 100
17: INFINITY -0.007790 100 100
18: INFINITY 37.600000 100 100
19: 45.735%7 2.000000 621412.600145 100 100 100
20: 300.00000 0.100000 100 100
21: 51.80390 2.500000 753%09.286741 100 100 100
22: 19.87530 8.500000 487000.704000 100 100 100
23: -71.69472 8.000000 100 100
24: INFINITY 4.600000 100 100
25: 39.76499 3.000000 744000.447000 100 100 100
26: 21.68338 6.500000 487000.704000 100 100 100
27: -20.75049 0.100000 100 100
28 300.00000 2.500000 648227.4476829 100 100 100
29: -154.23737 3.000000 100 100
30: INFINITY 2.060000 755000.276000 10¢ 100 100
31: INFINITY <8 $00200 AIR 100 100
32: -60.00000 12.000000 755000.276000 106 100 100
33; -23.00000 1.300000 100 106
34: -21.00000 7.000000 604179.611411 100 100 100
35: 6C.00000 17.000000 100 100
36: -16.00000 3.000000 487000.704000 100 100 100
37: -210.00000 22.000000 100 100
38: -28.00000 3.000000 487000.704000 100 100 100
39: -68.00000 10.000000 100 100
40: INFINITY 60.000000 100 100
IMG: -150.00000 0.000000 100 0
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Table 4.2.1-4. Back-end Demonstration Optics Design (Continued)

3PICITICATICIN DATA

PT 12.50000

AFZ 60.0000C

-IM MM

WL 830.00

RET 1

ATA L

XAN 2.000C0 2.3C00C0 0.00000 J.500G90
5.23C0¢

YAN 2.00001% J.126CC8 2.2430% $.35900
20432208

TCX 2.906¢¢C .20l S.otG00 l.330C0
T.eEClcC

JLX 3.23600¢< 2.0 3.30C00 £.23000
2.03CCO

vuY 0.00000 0.000c9¢% 0.00000 0.00000
J.60000

VLY 0.00000 0.00000 0.00000 0.00000
0.00000
APERTURE DATA/EDGE DEFINITIONS

cAa

CIR S2 15.000000

CIR §3 15.000000

CIR S4 13.000000

CIR S6 7.500000

CIR §7 7.500000

CIR S8 7.500000

CIR S9 15.000000

CIR S10 15.000000

CIR S11 15.000000

CIR S§12 40.000000

CIR S13 40.000000

CIR 8§14 40.000000

CIR S15 4€.000000

CIR S19 10.000000

CIR S20 10.000000

CIR S22 10.000000

CIR S23 10.000000

CIR S24 10.000000

CIR 825 10.000000

CIR S26 10.000000

CIR s28 10.000000

CIR S§29 10.000000

CIR 830 10.000000

CIR S§31 10.000000

CIR §33 16.000000

CIR 534 16.000000

CIR S35 17.000000

CIR 836 16.000000

CIR S37 30.000000

CIR S8 30.000000

CIR S§3¢ $5.000000
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Table 4.2.1-4. Back-end Demonstration Optics Design (Continued)

RETIAZTIVE INDICES

3LASS CcZte 330. 27
3T 3ZEITT L.31%2%4
ir: S.33743
vl 1.5%641L

INFINITE CTNJUGATES
Dl 22851.2187
ar. 345.3854
TFL -2.1008E~L"
NI 2823.337:

Mz CIs 6C .28l
AL Z13d8.33°7
FARAKIAL IMAGE

=7 131.34d
ANG 0.4800
INTRANCE FUPIL

DIA 12.5000

THI 0.0000
EXIT PUPIL

CIA 0.2835

THI -172.8578

COLE V> in £

output from cell

Elem Surfs Focal Length

i 2- 3 304.994317 Cylinder in Y direction
2 4- 5 (81.3 mm Cylinder in X direction)
3 6- 8 40.000048
4 9-11 100.000046
s 12-13 152.497158
6 14-15 152.497158
7 16-17 Flat
8 19-20 87.753893
2 21-23 122.109272

12 25-27 73.581878
i1 28-29 160.193088
12 30-31 Flat

13 32-33 44.591933
14 34-35 -25.275186
15 36-37 -39.318677

15 38-39 -101.392848

'~
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Figure 4.2.1-3. Back-end Demonstration Optics Layout

125 MM

Output from Cell HAR 5-JUL-93

4.2.2 Custom Optics Design

For a spaceborne application, small size and !ight weight are very important. One program
goal was to produce an optimized design for space using custom, instead of off-the-shelf, optics.
Optimizing for size and weight meant redesigning the breadboard optics to include the fewest
components possible. On the output side, the Fourier transform lenses were retained as a pair of
cylinders. The output lens system however was changed from seventeen elements (scaling system
consisting of six elements in four groups, and a fisheye of eleven elements in nine groups) to an
output fisheye lens with five elements total, a savings of twelve optical components. Table 4.2.2-1
is the Code V® design for the custom o .put fisheye lens, starting from th= output and working
back to the lens input. Figure 4.2.2-1 illustrates the layout of the custom back-end optics.
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Table 4.2.2-1. Back-end Custom Optics Design
Small Fisheye Lens.
RDY THI RMD GLA CCY  THC
GLC
> CBJ: INFINITY INFINITY 100 100
1: INFINITY 25.000000 100 100
2: 49.45403 4.400000 SFL57_SCHOTT 0 0
3: 6.87256 4.676532 0 0
q: -100.84273 4.400000 SFLS7_SCHOTT 0 0
S: 26.52705 18.238627 0 0
6: -47.69870 4.406043 SFLS7 SCHOTT 0 )
- -33.85775 0.100000C - 0 J
STC: INFINITY 4.358435 100 o)
3 -258.23597 1.5319052 SFL57 SCHCTT 0 0
] -15.98231 0.10000¢C - 0 0
1% 13.92418 4.589311 SELS7_SCHOTT 0 0
12: -76.55846 7.600000 0 0
13: INFINITY 0.414966 100 PIM
IMG: INFINITY -0.039060 100 100
SPECIFICATICN DATA
NA 0.04167
DIM MM
WL 830.00
REF 1
WTW 1
XAN J.00000 0.00000 0.00000 0.00000 0.00000
YAN -§3.00000 -45.000006 0.00000 45,003000 89.00000
REFRACTIVE INDICES
GLASS CODE 830.00
SFL57_SCHOTT 1.821500
SOLVES
PIM
INFINITE CONJUGATES
EFL 1.7000
BFL 0.4150
FFL 34.3550
FNO 12.0000
IMG DIS$ 0.3759
OAL 82.6000
PARAXIAL IMAGE
HT 97.3952
ANG 89.0000
ENTRANCE PUPIL
DIA 0.1417
THI 34.4024
EXIT PLPIL
DIA 5.0782
THI ~-60.5239




Figure 4.2.2-1. Back-end Custom Optics i ayout

10 MM

Qutput from Cell HAR 7-JUL-93

On the input side to the Bragg cells, the design takes seven elements and reduces the count to

three, a savings of four lens components. Table 4.2.2-2 lists the Code V® output for this part of
the design. Figure 4.2.2-2 illustrates the Front-end Custom Optics Layout.

For the custom optical design, the mid-section optics layout is shown in Tigure 4.2 2-3. The
mid-section transforms the Bragg cell output, and is implemented using two cylinder lenses. The

Code V® output design data for this section is shown in Table 4.2.2-3.




Custom Beam Shaping Optics.

RDY THI |MD
SLS
C3J5: INFINITY INEFINITY
P INFINITY 3.000000
2: INFINITY 5.000000
3 INFINITY 3.000000
i: INFINITY 3.000000
> 3. INFINIT 15.92C2000
LTz 0.0009000 YDE : 0.00CCCa
XZC: 100 YCC: J
AZZ 2.035500459 BCE: 2.00c08e
ACC: 100 BCC: 100
5 INFINITY 12.000000
7 INFINITY 0.006000
XDE: 0.000000 YDE: 0.000000
XCC: 100 YDC: 100
ACE: 0.000000 BDE: 0.000000
ADC: 100 BDC: 100
STO: INFINITY 20.07
9: 45.84068 13..
100
XDE: 0.000000 YDE: €.000000
XDC: 100 YDC: 100
ADE: 0.000000 BDE : 0.000000
ADC: 100 BDC: 100
GPl: FX5_SCHOTT SPG:
10: -18.44596 1.500000
11: -58.40115 0.100000
12: 21.47053 13.000000
13: INFINITY 14.122865
IMG: INFINITY -0.029505
SPECIFICATICN DATA
EPD 25.00000
XZF
DIM MM
WL 830.00
REF 1
WTW 1
XAN 0.00000
YAN 0.00000
VUX 0.00000
VLX 0.00000
vuy 0.00000
VLY 0.00000
APERTURE SATA/EDGE DEFINITIONS
CA
CIR Sl 15.6000¢0
CIR S3 15.000000
CIR Sé6 15.000000
CIR §7 18.000000

Table 4.2.2-2. Front-end Custom Optics Design

GLA
8K7_SCHCTT
BK7_SCHOTT

I0E: 0.0GGG0C
cC: 1C0
CDE: 0.9200C0%
CCcC: 120
ST11_SCHOTT
ZDE: 0.000000
ZDC: 100
CDE: 0.000000
CcDC: 100
507578.598075
ZDE: 0.000000
ZDC: 100
CDE: 0.000000
CDC: 100
PRC:
SFL57_SCHOTT
AIR
SFL57_SCHCTT
AIR

cCY

1d¢
100
i0<
103
1€
102

Rz

10C
100
CAR

100
100

100
100
100
100
100

100

100
100

100
100

100
100
100
PIM
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Table 4.2.2-2. Front-end

Custom Optics Design (Continued)

REFRACTIVZ INLCICES
GLASS CCDE 830.20
SF.l SCEZTT 1.763129
307573.538075 1.5007 %%
SEL37_SCROTT 1.82135%53
3KT_sTHCTT 1.510226
SEPARPTURIZ TRCOM CATALOG INDICES
3LAs8s CIZE 330.00
307372.3:22075 0.019G36
SCL7ES
2IM
ZCCM DATA
POS 1 POS 2
EPD 25.00000 12.50000
ADE S5 0.00000 ~6.04460
ACC S5 100 100
ADE S7 0.00000 -29.43000
ADC §7 100 100
YDE $S9 0.00000 7.38661
YDC S§9 100 0
ADE S9 0.00000 19.88279
ADC S9 100 0
YDE S35 0.00000 3.82850
YDC SS 0 0
This is a decentered system. If elements with pcwer are
decentered or tilted, the first order properties are probably
inadequate in describing the system characteristics.
POS 1 POS 2
INFINITE CONJUGATES
EFL 23.4006 23.4006
BFL 14.1229 14.1229
FFL 40.7117 40.7117
FNO 0.9360 1.8721
IMG DIS 14.0934 14.0934
OAL 90.6000 90.6000
PARAXIAL IMAGE
HT 0.0000 0.0000
ANG 0.0000 ¢...J0
INTRANCZ PUPIL
DIA 25.0000 12.5000
THZ 35.7791 35,7791
EXIT riPIL
DIA 118.6018 59.3009
THI 125.1371 125.1371
STO DIA 25.0000 12.5000
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Figure 4.2.2-2. Front-end Custom Optics Layout
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i
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A
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20 MM
Custom Beam Shaping Optics HAR 8-JUL-93

Figure 4.2.2-3. Mid-section Custom Optics Layout

51.02 MM

Cylindrical Transform Lens Scale: 0.49 HAR 9-JUL-93
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Table 4.2.2-3. Mid-section Custom Optics Design

Cylindncal Transform Lens.

RDY THI
GLC
> CBJ: INFINITY INFINITY
1: INFINITY 25.00000¢C
2: INFINITY 5.000000
3: INFINITY 3.0000060
4: INFINITY 5.000000
5: INFINITY 25.200000
S7T0: INFINITY 25.00000¢C
7: 155.04000 6.000000
YL
RDX INFINITY CCX: 100
El INFINITY 152.535673
3: INFINITY 6.000000
ZY-
RCX 75.2C000 CCX: 100
-C: INFINITY 143.4138412
iMG: INFINITY -0.10478¢C
SPECIFICATICN DATA
£eD 12.50000
PUX €.50000
PUY 0.50000
PUI 0.13500
X7
LIM MM
dqL 830.00
REF 1
ATH 1
XAN 0.00000 0.00000
YAN 0.00000 0.5090¢C
APERTURE CATA/EDGE DEFINITIONS
CA
CIR S 15.000000
CIR S3 15.000000
CIR S5 15.000000
CIR §7 10.000000
CIR 89 10.000000
PRIVATE CATALZOG
PWL 830.00
'TEQZ2' 2.200000
REFRACTIVE INDICES
GLASS CCTE 830.00
3K?7 SCELTT 1.510206
'TE02" 2.200000

GLA

'*TEO2'
BK7_SCHOTT
'TEO2"

BK7_SCHOTT

BK7_SCHOTT

0.21300
0.00000

0.21300
0.509¢C0

ccy

1C0
100
100
1C0
15C
1690
120
1C9

PRNEN
LU

130

1
LCO0

THC

193
100
100
190
pRele]

-
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Table 4.2.2-3. Mid-section Custom Optics Design (Continued)

SOLVES
PIM

NFINITE ZCNJUGATES
EFL 147.3914
BFL 143.4184
FFL 68.8310
FNO 11.7913
MG CI: 143.3136
CAL 252.5357
PARAXIAL IMAGE
HT 0.547%
ANG 0.2130
EINTRANCE FUPIL
DIA 12.5000
THI 34.7138
EXIT PUPIL
DIA 54.0018
THI 780.1700

Figure 4.2.2-4 represents the entire custom svstem irom end to end. It is much smaller and
more compact than the breadboard. The custom optics consists of the laser output going through a
three element 25mm F1 collimator, followed by an 1.5X prismatic beam expander. This system of
input optics takes the 3:1 aspect ratio of the laser and forms it into a 12.5 by 25mm output beam.
This 1s followed by a halfwave plate and a quarterwave plate to adjust the polarization to the
ellipucal onentation necessary to get maximum diffracticn efficiency from the Bragg cells. Between
the two Bragg cells is another halfwave plate that corrects for the polarization change due to the
birefringence of the first cell. After the cells are the two orthogonal cylinder lenses, 300mm for the
horizontal output and 145mm for the vertical. These lenses Fourier transform the scan angles into a
real image plane at the back focal plane of the fisheye lenses. A splitting mirror directs half the
vertical field to each of the two fisheye lenses, which image the focal plane to infinity with a .36
degree beam divergence.

Table 4.2.2-4 below shows the predicted optical throughput for the custom system. With
custom optics. designed and coated for 830 nm, and using a Spectra-Diode Labs laser, the output
can easily exceed the requirement of 50% throughput. In the Section 5.3, Breadboard Performance
Summary, the Custom design expecied results are further contrasted with the actual measurements
for the breadboard.
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Figure 4.2.2.4. Complete Custom Optics Layout

Custom Sy stem could be folded into
approximately 4 X 4 X 8 inch package

A 98 a
S0 MM

RLINE {4.13]

-— * 24 19CHEY

Table 4.2.2-4. Optical Efficiency of the Custom System

Lasercom Light Budget

COMPONENT COMPONENT
POQWER QUT (mW)
Laser Output 150.0
Laser Collimator 145.5
Wave Plates (1/2 AND 1/4) 139.6
Horizontal Cell (DC) 136.8
Horizontal Diffraction 130.0
Wave Plate (1/2) 127.4
Vertical Cell (DC) 124.8
Vertical Diffraction 118.6
300 mm Cylinder 117.4
145 mm Cylinder 116.2
Turming Mirror 115.1
Fisheve Lens 109.3
TOTAL 109.3

Custom System

THROUGHPUT

COO0O0O0O0COO0
00V VOV OWYVO !
O \O \O A 00 00 Lh 00 G\ )

© o
9 o
w »n
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4.3  Electronics Design and Test

Figure 4.3-1 shows a simplitied block diagram of the electronics subsystem. The electronic
subsystemn uses direct digital synthesis (DDS) to generate a tunable 18 to 32 MHz frequency output
bandwidth. The electronics interface box consists of a control interface card, two DDS cards, and
an RF section, all self-contained including a power supply. The breadboard PC computer controls
the electronics box via a digital output card.

Figure 4.3-1. Electronics Subsystem Block Diagram

PC Comnuter
Control card Power
| Y
Electronics intertace Box
l — ﬂ Impedance
I f i | ‘ Match

Front Panel [_Control imertace | c Ptl))».vcr . l:»n»:c: [::ralglg 5 pre=s
RF Inputs ombiner 4: ps ells Ej
: —_— Impedance
Maich

Figure 4.3-2 shows a block diagram of the Control Interface Board. The Control Interface
Board buffers digital frequency and control data between the controlling PC and the two DDS
cards, strobes this information into the DDS cards upon a read request from the PC, and generates
the required clocks for the these processes to take place. Appendix C contains a schematic of the
Control Interface Board.

The Control Interface Board receives 24 parallel data bits from the controller PC consisting of
17 data bits of frequency data, and 7 data bits of control logic. The frequency data (D0-D16) is
latched into four 4096X9-pin FIFO's (CY7C433). two FIFO's per channel, upon a write request
(W1, W2) from the PC. A read enable (READ EN) command from the PC enables the FIFO's to
read data into the DDS cards via a read (R) command from the PAL (32VX10). The PAL also
transmits a DDS latch command (DDS LATCH) to the DDS cards to latch the frequency data into
buffers on the DDS card and a DDS load strobe (LSTRB) command to load the information into
the DDS chip. Once all the data has been read from the FIFO's an empty flag (EF1. EF2, EF3,
EF4) will signal the PAL. The PAL will then send a retransmit command (RT) to the FIFO's
requesting the FIFO to loop through the frequency data.



Figure 4.3-2. Control Interface Board Block Diagram
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The sequence of operation is as follows:

Initial reset of FIFO's and DDS card (RESET. DDS RESET) at turn on.
Write to the FIFO's (W1, W2)

Read all FIFO's.

a. READ EN from PC to PAL.

b. R from PAL 1o FIFO's.

C. DDS LATCH from PAL to DDS card.

d. LSTRB from PAL to DDS card.

4. FIFO's will continuously loop until a RESET or writc command.

a. Empty flag (EF1-EF4) from FIFO to PAL.

b. Retransmit (RT) from PAL to FIFO.

1D

The Control Interface Board generates a 160 MHz ECL clock. a 5 MHz TTL clock, and a |
KHz TTL clock. The 160 MHz ECL clock is used as the clock for the DDS boards. The S MHz
and | KHz clocks are clock selected (CLK SEL) by the PC for either fast or slow operation and
are used for FIFO read and write operations. The FIFO write rate is determined by the PC and the
FIFO read rate is 400ns.
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Figure 4.3-3 shows a block diagram of the DDS board. The DDS boards are off-the-shelf
Stanford Telecom STEL-2272A single output direct digital synthesizer boards with a maximum
output frequency of 110 MHz and a maximum clock speed of 300 MHz. The output frequency
changes 33 clock cycles after a LSTRB command. This application uses a 160 MHz clock for a
frequency change rate of 206 nsec.

Figure 4.3-3. DDS Card Block Diagram
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The frequency information from the Control Interface Board is buffered into four 8-bit
latches with a DDS LATCH command. A LSTRB command initiates a serial input of the frequency
data bits into the STEL-2172A chip at the DDS board clock rate (160 MHz). The DDS chip
bounces the data bit information against a look-up table in ROM to translate to a corresponding
frequency using the following equation:

fout = (phase change) * fclk | 2N (4.3-1)

where phase chunge = data bits from PC, fclk = 160 MHz, N = 18, and fout = 18 to 32 MHz.
For example. if fout = 18 MHz, then phase change = fout * 2N/ fclk = (18 * 106) * (2N)/(160
*106) = 2.9491 * 104 = 000111001 100110011 (bin). Frequency calculations were made using 18
bits of frequency data to improve frequency resolution to 610 Hz. The two MSB's of the
frequency data are always O between 18 and 32 MHz.

Figure 4.3-4 shows a block diagram of the RF section. The RF section contains two
identical RF paths, one for each channel, containing a power combiner, an attenuator and a high
power amplifier. A 4-way power combiner (Anzac, DS-312-SMA) combines the RF from the
DDS card with up to three additional frequencies. The aitenuator is SMA packaged and can be
selected for a desired output power. The high power amplifier (Mini-Circuits, ZHL-1-2W) is a 2
watt device with a minimum gain of 29 dB.




Figure 4.3-4. RF Section Block Diagram

4 Way Power
Combiner

Channel Inputs

Power Amplifier

DS-312-SMA

ATTENUATORP— 2HL-1-2w C@—_____@

Channe!l Cu:=

The electronics subsystem was thoroughly tested to verify that the goal specifications were
met. The following paragraphs summarize the results per test performed.

Test#L. F Tuni

The Channel X (horizontal) and Channel Y (vertical) were tuned from 18 to 32 MHz. A
HP5328B frequency counter was used to measure frequency resolution across the band. A random
sampling of 20 frequencies compared to the expected frequency achieved a resolution in both
channels of less than 610 Hz.

[est #2. Spurious Tones
This test was performed to verify that spurious tones were at least 40 dBc down.

Channel X - Figure 4.3-5a shows spurious tones across the frequency band at < -40 dBc. The
frequency band was swept to annotate worst case dynamic range.
Channel Y - Figure 4.3-5b shows spurious tones across the frequency band at < -40 dBc. The
frequency band was swept to annotate worst case dynamic range.
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Figure 4.3-5. Spurious Tones Test Results
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Test #3. Phase Noise

This test was performed to verify that phase noise was no greater than -70 dBc/Hz maximum,
20 KHz from the carrier.

Channel X - Figure 4.3-6a shows a CW signal centered at 18 MHz and at an output power of +27
dBm. The SSB phase noise at 20 KHz offset is approximately -93 dB¢/30 Hz or -108 dBc/Hz.
Channel Y - Figure 4.3-6b shows a CW signal centered at 18 MHz and at an output power of
+26.5 dBm. The SSB phase noise at 20 KHz offset is approximately -93 dBc¢/30 Hz or -108
dBc/Hz.

Test #4. Seuling Time

This test was performed to verify that the settling time was no more than 200 nsec. Figure
4.3-7 shows the test setup used to check the settling time at turn on and turn off of frequencies
generated by the DDS card. A Mermmimac quadraphase modulator was used as a phase detector with
90 degree phase shift reference. The output of the DDS card was split with one signal entering the
modulator at the 90 degree quad and the other at the in-phase combiner. The signals were then
combined 90 degrees out of phase to produce a voltage reference. The output of the DDS card was
then toggled. The settling time is the time measured 10 to 90 % in amplitude.

Channel X - Figure 4.3-8a shows a rise time of less than 100 nsec. Figure 4.3-8b shows a fall
tme of less than 75 nsec.
Channel Y - Figure 4.3-9a shows a nise time of less than 100nsec. Figure 4.3-9b shows a rise
time of less than 75 nsec.
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Figure 4.3-6. Phase Noise Test Results
a. Channel X (horizontal) b. Channel Y (vertical)
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Figure 4.3-8. Channel X (Horizontal) Settling Time Test Results
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Test #5._Frequency Drift:

This test was performed to verify th .. the frequency drift was no more than 10 Hz/1ainute. and
less than 50 Hz maximum long term. The test monitored both channels at turn on for 5 minutes
with an HPS5328B frequency counter, and the achieved drift was less than 10 Hz. The long term
test monitored both channels over a twelve hour period. and achicved the same results.
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Figure 4.3-9. Channel Y (Vertical) Settling Time Test Results
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Test #6. Third Order Intercept
This test was perforined to verify that the third order intercept was +42 dBm minimum.

Channel X - Figure 4.3-10a shows a two tone tesi for intermodulation distortion across 18 to 32
MHz. The tone on the left was generated by the DDS card and the other tone was generated by an
external signal source combined in the RF scction of the electronics subsystem. Both tones were
adjusted to +26 dBm output power at the output of the electronic subsystem. The external signal
source was swept across the band to generate the worst case intermod tone. The figure shows the
intermod +42.63 dBc. The third order intercept point is calculated as foliows:
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[P3 =Pout + A2 where A 1s the difference ot output power and intermod level,
theretore. IP3 =26 + 42.63/2 =47.3 dBm.

Channel Y - Figure 4.3-10b shows a two tone test for intermodulation distortion across 18 to 32
MHz. The tone on the left was generated by the DDS card aud the other tone was generated by an
external signal source combined in the RF section of the electronics subsystem. Both tones were
adjusted to y +26 dBin output power at the output of the electronic subsystem. The external signal
source was swept across the band to generate the worst case intermod tone. The figure shows the
intermod ++3.45 dBc. The third order intercept point is calculated as follows:

IP3 = Pout + A/2.  wherc A is the difference of output power and intermod level.
therefore, IP3 =26 + 45.45/2=48.7dBm

Figure 4.3-10. Third Order Intercept Test Results
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5.0 Breadboard Demonstration
5.1 Breadboard Hardware Description

This section briefly describes the breadboard hardware setup. Figure 5.1-1 shows the
major components of the breadboard: the controller PC computer (on the left), the electronics
interface box (middle background), and the optics bench (foreground) which contains the lasers,
Bragg cells, CCD camera, and the various lenses.

The breadboard is self-contained, requiring no additional lab equipment to operate (other
than tables on which to place the computer, electronics box, and optics bench). Once the computer
and electronics box are plugged into the AC wall outlet the breadboard is ready to run, and all other
components are powered via software control: the lasers, Bragg cells, and CCD camera. The
breadboard control software and operational procedure will be discussed in detail in Section 5.2
(see also Appendices A and B). Table 5.!-1 lists the PC computer specifications.

Table 5.1-1. PC Computer Specifications

* Motherboard: 486-33DX with AMI BIOS

¢ Cache: 64K SRAM

* RAM: 8 Megabytes

* Hard Disk: 120 Megabytes (IDE)

* Floppy Drives: 3.5" (1.44 Meg) and 5.25" (1.2 Meg)

* /O ports: 2 serial and | parallel, 2 IDE and 2 FDC
* Graphics Card: ATI-VGA Wonder XL-24 (1 Megabyte)
* Monitor: 14" SVGA 1024 x 768 non-interlaced

* Video Overlay Card: Super Video Windows

* /O Card: National Instruments DIO-24

* Software: DOS 5.0, Norton Desktop 2.0, Windows 3.1,

Visual Basic 2.0

Figure 5.1-2 shows a perspective view of the optics bench. The two laser diodes (670 nm
and 830 nm wavelength) are in the far left comer of the bench. The Bragg cells are located where
the input coax cable terminates in the left central portion of the bench (Note: the mount shown for
the Bragg cells is an earlier mount not used in the final breadboard). The CCD camera is suspended
vertically at the top of Figure 5.1-2, and the two wide-angle output lenses can be seen at the left
and right sudes of the bench. The optics bench (TMC Model #77-133-02) has a 3 x 3 foot surface
area (9 ft.2), is 2 inches thick, and weighs approximately 135 Ibs. (without optics). The Bragg cell
design was discussed in detail in Section 4.1.

One side of the electronics box is skown in Figure 5.1-3 with the cover removed. This
shows the custom developed interface board containing the programmable array logic (PAL)
devices and the first-in-first-out (FIFO) memories. In the upper center this picture shows the heat
sink on one of the two signal output amplifiers, and to the left of this is onc of the 4:1 signal
combiners (2 front panel input ports and 1 internal DDS generator channel). The power supply for
the box electronics is on the right side of the box, and a cooling fan is located directly above.
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Figure 3.1-1. Photograph of Breadboard Hardware




Figure 5.1-2. Photograph of Optics Bench
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Figure 5.1-4 shows the other side of the electronics box. This view shows the two DDS
gencrator boards on the right side of the box (Stanford Telecom Model #STEL-2272). The other
power amplifier is located in the upper central region of the box, and the other signal combiner can
be seen in the upper right hand comer. The CCD power transformer is located at the bottom.

§.2 Control and Analysis Software Description

The Lasercom system was designed for ease of use. When the computer boots up, it
automatically loads Windows and runs with Norton desktop. To start the Lasercom system. simply
double click the left mouse button with the cursor sitting on the Lasercom Icon, in the Applications
group. This starts the software and tums on the hardware.

The software was written in Visual Basic 2.0 and is fully commented. Appendix A attached
15 a printout of the source code. Appendix B is a printout of the Help file. which explains the
system operation and control in greater detail.

When the program first loads, a warning dialog box is displayed that explains about laser
safety. Then the control window appears. In the top part of the screen is a white contro] area, in the
bottom is the live TV camera output. The laser spot initial condition is on, with the spot centered in
the right half of the display area, with the beam exiting the system in the center of the right-hand
fisheye lens.

The spot can be moved to a new position by three different methods. The spot can be
positioned by placing the mouse cursor antwhere on the white control area and clicking the left
mouse button. The spot will then appear at that point. The white display area represents 360
degrees of horizontal positions and +/- 18 degrees of vertical positions. The line in the center
defines the split in the system between the left-hand fisheye and the right-hand fisheye output. The
live TV output is split vertically, with the bottom half mapped to the left area and the upper half
corresponding to the right half. Another way to manipulate the spot position is to place the mouse
cursor on the spot and, while holding down the left mouse button, dragging the spot to a new
location. The third method of spot positioning is to grab the slide bar with the mouse and drag it to
a new location. This gives you independent control of the horizontal and vertical positions. The
bars and the bar arrows can also be clicked on for coarse and fine position control, respectively.
The position of the spot can only be controlled for a single spot. In order to control the posiiion of
multiple output spots, either independent frequency sources can be plugged into the front panel, or
a pattern file can be written for time division multiplexing the spot positions. See the Help menu
for details on writing a pattem file.

Along the top of the program is a menu bar. This lets you control things like displaying
pattern files. zooming the spot, displaying multiple spots, scanning the spot, centroiding the spot,
and calling on the Help files. To exit the program, either double click in the upper left corner or
choose the File - Exit menu.
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Photograph of Electronics Box (DDS Side)

Figure 5.1-4.




5.3 Breadboard Performance Summary

The primary objectives of the breadboard demonstration were to correlate theoretical
predictions of Bragg cell performance (such as efficiency, switching speed, multi-beam generation,
and beam zooming) with experimental data and to gather other data concerning system-level
operations such as overall steering range, beam divergence, and throughput efficiency. All of the
objectives of the breadboard were met, and with the one exception of throughput efficiency, all of
the technical goals were achieved. The overall throughput efficiency was found to suffer for two
reasons which will be explained in greater detail later: poor laser diode spectral quality and several
uncoated (or wrongly coated) optical lens elements. The itemized compliance of the breadboard
performance versus goals is given in Table 5.3-1.

Table 5.3-1. Itemized Compliance of Breadboard to Goals

SOW Goal Specification Breadboard Result
* steering range: approx. 180° x 45° * implemented 360° x 36° (2 sectors)
* transmit beam size: 0.36° round * successfully demonstrated
e zoom factor: minimum 10X (3.6°) * successfully demonstrated over 11X
* multiple beam generation: min. 4 * successfully demonstrated (can

"simulate” many more)

* end-to-end optical efficiency: min. 50% ¢ 13% demonstrated (limited by laser and
>70% losses in "off-the-shelf” optics)

* steering response time: 30 microsec * successfully demonstrated

The majority of the breadboard performance parameters can be measured by a diagnostic
systemn that is built into the breadbtoard itself: a CCD camera array interfaced to the PC control
computer with custom analysis software. This particular combination of hardware and software is
hereafter referred to as the Built-in Test Set, or BTS. Several tests, however, required initial
calibration tests separate from the BTS due to their unique demands. The BTS block diagram is
illustrated in Figure 5.3-1. Note that the BTS is a self-contained analysis system that requires no
additional laboratory equipment.

The optical design wavelength of the demon«tration breadboard is 830 nm (infrared).
although a 670 nm (red) laser is also incorporated 1.0 the breadboard for purposes of visual
(naked ¢ye) demonstration. All test descriptions and results in this Section arc assumed to occur at
the 830 nm design wavelength. No minimal specifications were implied for the 670 nm
wavelength: in fact, it was found to be very difficult to optically align both the 670 and 830 nin
lasers to the Bragg cells simultaneously through the same optics. As a result the 670 nm laser does
not have the desired visual impact when the optical system is optimized for the 830 nm laser. In
hindsight a better solution would have been to provide scparate input optics for the two lasers so
that they could be optimized individuaily.
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Figure 5.3-1. Breadboard Built-in Test Set (BTS) Block Diagram
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A test plan was developed for the breadboard and implemented with only some minor
chaages. The tests that were described in the test plan and performed on the breadboard are
suminarized in Table 5.3-2. The following paragraphs explain how the performance measurements
were made and the data that was obtained for cach of the SOW performance goals.
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Table 5.3-2. Test Plan Summary
TestID  Test Name Specifications Test Setup Comments

A Steering Range 360° x 36° * Special * Imually measured with “curved screens™.

* BTS * Mcasured on CCD after initial calibration.
B Beum Divergence 0.36° * Spectal * Initially measured with beam profiler.

* BTS * Mecasured on CCD after initial calibration.
C Divergence Zooming 10:1 * Special ¢ In,c1ally measured with beam profiler.

«BTS » Measured on CCD after imtial ¢alibration.
D Muiniple Beamns qty. 4 * Special * Visually observed on “curved screens”.

* BTS * Measured on CCD prior to ¢xit lens.,
E Opitical Efficiency S0% Special Measurced with discrete photodetector
F Response Time  40x 20 microsec  Special Mcasured w/ APD detector & oscilloscope.

Test A._Steering Range

This test was performed by measuring the maximum angular steering range of the optical
output at the exit of the wide-angle Nikon output lenses. Specifically, the limits of the horizontal
and vertical steering range were determined by physically locating the steered beam on a curved
screen placed approximately I foot from the output lens. as shown in Figure 5.3-2. A hand-held
IR viewer was used to locate the beam position on the screen, and at the limits of the beam steering
a pencil mark was made on the screen corresponding to the exact beam location. The beam was
then incrementally steered by commands from the PC computer until the beam steering iimits are
reached (where clipping or vignetting of the beam occurs to a level no greater than 1 dBc). The
locator marks on the screen were then used to geometrically determine the angular beam steering
range as discussed below.

Horizontal range: Drop vertical lines to the bottom of the screen (i.e.. to the bench top) from the
maximum horizontal extent locator marks. Draw a line that intersects these points with the vertical
drop point on the bench top that corresponds to the center of the wide angle lens. After doing this
for both left and right steering limits the horizontal steering range can be determined directly from
the angle between these lines.

Vertical range: The vertical angular steering range was measured by triangulation between two
maximum extent locator marks lying on a vertical drop line ard the distance to the wide ungle lens.

The results of this test successfully confirmed that the total breadboard steering range is
360° honzontal by 36° vertical.
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Figure 5.3-2. Test A - Beam Steering Range
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Test B. Beam Divergence

This test was performed using a newly purchased beam profiler system, the Spiricon
Model #LBA-100A. Placed after ihe wide angle exit lens, the Spiricon makes very accurate beam
profile measurements including beam diameter at both the 1/2 (FWHM) and e-? (Gaussian) power
points. By taking a measurement at one axial location and then another at a further axial location
the Spiricon can automatically calculate the divergence of the beam. This test confirmed that the
diffraction-limited beam divergence was 6.29 mrad, or 0.36°. Therefore, the number of resolvable
beams is 1000 in the horizontal axis (360°/0.36°) and 100 in the vertical (36°/0.36°).

Test C. Divergence Zooming

This test is intended to confirm that the optical beam will effectively enlarge or “zoom™ hy a
factor of at least 10 in both axes, or to increase to about 3.6° from the 1X value of 0.36° in both the
horizontal and vertical axes. Note that the amount of actual divergence can be varied continuously
anywhere between a factor of | X to 20X or more by commanding the proper number and spacing
of frequencies into the Bragg cells. The pull-down "Zoom Menu" in the PC control software hus
pre-programmed data for generating 1X. 3X. 5X, 7X, 9X. and 11X zooms. This test was
performed using the previously mentioned Spiricon beam profiler, and the rcsults are shown in
Table 5.3-3. It is seen that very good agreement was obtained between the desired and actual
measured zoom ratio. It would have been a simple matter to adjust the frequency programming to
the Bragg cells to obtain even better correlation, but it was deemed unnecessary since the primary
intent was merely to demonstrate a minimum of 10X zocoming.
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Table 5.3-3. Beam Zooming Test Results

Desired Zoom Ratio Meas Ratio
1 X 1 X
3X 2.66 X
5 X 4.66 X
7X 6.59 X
9 X 9.17 X
11X 10.80 X

Test D. Multiple Beum Generation

The goal of this test is to produce a minimum of four independently steered beams from the
Bragg cells. True multipie beam generation requires that frequencies be simultancously combined
before insertion into the Bragg cells. Each Bragg cell therefore has been supplied with four input
channels each: | internal DDS channel and 3 front panel ports for externally applied signals. We
have inserted s'gnals into the front panel ports and confirmed the true multipie beam generation.

This test can also be "simulated” using BTS capability. The procedure is very similar to the
previous zoom approach in Test C, except here full-aperture beams are generated in a time-
multiplex2d fashion. The PC commands the Bragg cells to vary between 4 frequencies that
correspond to the desired steering directions. The frequencies are switched at the fastest switching
speed of the 500 Spot Bragg Cell (40 microsecond aperture). The simulation occurs due to the fact
that the beam is being steered faster than the CCD camera can respond, and therefore 4 statically
steeced beams “appea:” to occur. Note that the steering frequencies can be arbitrarily chosen and
that more or less than 4 unique beams may be steered by commanding the proper number of
frequencies into the Bragg cells. In fact, this the same technique that is used to generate special
scans and patterns from the pull-down "File Menu" and "Scan Menu".

The result of this test is that the generation of at least 4 simultaneousiy and independently
steered becams was successfully demonstrated. The divergence angle of each beam is the same as
for a singie CW steered beam. Note that ghost beams are also be generated in this process since
any steering frequency in onec Bragg cell interacts optically with any steering frequency in the other
Bragg cell. For example. 2 frequencies input to each cell in order to generate N=2 unique beams
also produces 2 ghost beums. !n general, N2 1otal beams are formed, of which N are primarily
sought and N2-N are ghost beams.

Test E. Optical Efficiency

The purpose of this test is to measure the end-to-end optical efficiency of the overall
demonstration breadboard, defined as the optical power difference between the output of the source
laser diode and the beam that finally exits the wide-angle lens. The optical efficiency of the Bragg
cells is a function of their drive power. so this test was performed after the saturation drive power
(1e., maximum efficiency) of the Bragg cells had first becn determined. The test was performed by
placing a photodetector in the path of the optical beamn at various locations between the laser source
and the final widc-angle exit lens.
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The result of this test is that the overall optical 2fficiency ot the demonstration breadboard is
about 13% (-9 dB), instead of the goal 50% (-3 dB). Figure 5.3-3 presents the componeni-by-
component breakdown of the optical power through the system.

Figure 5.3-3. Measured Optical Power through Breadboard
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Component Definition;

l. Laser Diode 6. Mirror 11. Splitter 16. Mirror
2. Collimator 7. Horiz. Bragg cell  12. 86mm Cyl lens 17. Mirror
3. Mirror 8. Wave Plate 13. Mirror 18. 150 mm lens
4. 2 waveplates 9. Vent. Bragg ceil 14.40 mmlens  19. 150 mm lens

5. 6X Beam Expander  10. 300mm Cyl. lens 15. 100 mm lens 20. Nikon wide lens

Another way to view the optical power losses is on a component-by-component throughput
percentage, as shown in Figure 5.3-4. It can be seen in Figure 5.3-4 that f.ve of the 20 breadboard
compcnents failed to meet at least 90% optical throughput efficiency: #7 Horizontal Bragg Cell, #8
Wave Plate, #9 Vertical Bragg Cell, #13 Mirror, and #20 Wide Angle i_ens. The lack of a proper
830 nm anti-reflection coating is the reason that #8 Wave Plate (which "ad to be ordered quickly
without time for coating delays) and #20 Wide Angle Lens (which is an off-the-shelf 35mm camera
lens coated for visible only) performed poorly. The reason that the #13 Mirror performed poorly is
due to the fact that unprotected aluminum-coated mirrors do not reflect well at u 45° angle of
incidence at 830 nm wavelength. A gold or silver coated mirror would do a much better job in this
location.




Figure 5.3-4. Component Throughput Percentage
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Component Definition:

1. Laser Diode 6. Mirror 1. Splitter té. Mirror

2. Collimator 7. Honz. Bragg cell  12. 80mm Cyl lens 17. Mirror

3. Mirror 8. Wave Plate 13. Mirror 18. 150 mm lens
4. 2 waveplates 9. Vert. Bragg cell 14. 40 mm lens  19. 150 mm lens
g

6X Beam Expander  10. 300mm Cyl. lens  15. 100 mm lens  20. Nikon wide lens

The remaining two components that performed less than expected are the #7 Horizontal
Bragg Cell and #9 Vertical Bragg Cell. This was somewhat of a surpnse given the excellent initial
measurements that were made on the Bragg cells after fabrication. As discussed in Section 4.1 the
Horizontal Bragg Cell (500 Spot Cell) had a small signal response of 700%/W . and was expected
to approach 95¢% cfficiency or more at approximately 300 mW of drive power. Similarly, the
Vertical Bragg Cell (200 Spot Cell) had a small signal response of 400% /W, und was expected to
approach 95% efficiency or more at approximately 400 mW of drive power. This led to an
investigation of the cause of the performance degradation.

The impresstve small-signal responses reported in Section 4.1 are neted to have been made
using a very high quality Spectra-Diode Labs laser diode Model 5400 (100 mW', index-guided.
\InQIL mode). This raised the question as to the quality of the laser diode that was purchased for
the breadboard. which is a Sharp laser diode packaged by D. O. Industries (DO, Model 1-9280-
SHAC. The specirum of the laser had been measured at delivery and found to be "adequate”, but
was remeasured again in hight of the efficiency problems. It was found to have degraded
significantly. The results are given in Figure 5. 3-5. where on the left hand side is the initial
measurement and on the right ‘hand side 15 the latest measurement. 1t is clear that substantial
degradation in longitudinal mode structure has occurred, and the laser is now running with a large
number of wavelengths. The spatial profile «w as also measured using the Spiricon beam profiler. as
shown in Figure 5.3-6. This also confirmed that the laser had 4 degraded transverse mode
structure, probably directly related o the degraded longitudinal mode structure.
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Figure 5.3-5. Laser Diode Spectral Quality Measurements
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Figure 5.3-6. Laser Diode Spatial Profile Measurement
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Due to a lack of time and funds at the end of the program the laser diode problem could
not be corrected. It is surmised that the poor laser quality directly contributed to the lower than
expected Bragg cell performance since the acoustic/optical phase matching requirements inside the
Bragg cell are rather stringent. In other words. not all of the multiple wavelengths from the laser
can be properly phase-matched simultaneously inside the Bragg cell to produce a high deflection
response. Therefore, some of the light from the DOI breadboard laser is being "wasted" since the
Bragg cell cannot properly deflect it. The small-signal response was also measured using the DOI
laser and found to be about half the response measured previously with the SDL laser.

Test F._ Response Time

The purpose of this test was to determine the response time limit for switching of the
optical beam steering direction. Since this is completely determined by the Bragg cell response
time, the results of this test were given in Section 4.1, Figure 4.1-13 as part of the Bragg cell
checkout testing. The response time was measured by pulsing or time-gating a signal through the
Bragg cell and observing the rise, dwell, and fall time of the resulting deflected optical beam.
This test successfully verified that the 60% response time of the Horizontal (500 Spot) Bragg Cell
was 30 microseconds, and 15 microseconds for the Vertical (200 Spot) Cell. The 100% response
time for the Horizontal and Vertical Cells is 40 and 20 microseconds, respectively.

6.0 Conclusions

As a result of this effort it has been proven that acousto-optic Bragg cells can perform very
useful and unique functions for controlling the transmitted beam in a laser communications sysiem.
Analytical tools were developed to model the performance of Bragg cells for this application, and
other design trades were made which led to the choice of the optimum Bragg cell material (TeO»),
fabrication geometry. and heat sinking techniques. A breadboard lasercom transmitter was
developed which successfully demonstrated that Bragg cells can be used to steer the transmit beam
over a very wide range (in this case, 360° x 36°) and with very fast speed (< 40 usec). The steered
beam was shown to have a diffraction limited beam divergence (0.36° in this case). Several
complications led to an overall optical efficiency of about 13% for the breadboard, as explained in
Section 5.3, but convincing evidence is provided that the overall optical efficiency of a customized
optical system can be greater thu.a 70%. as explained in Section 4.2.2. Also, it is shown that the
overall package si.> for a customized system can be on the order of 128 in3, including lasers,
Bragg cells, and all op'ical components.

Some unique attributes of Bragg cells were demonstrated by the breadboard. including
multiple simultaneous beam steering (> 4 simultaneous beamns) and variable beam divergence (>
10:1 beam spreading). Significantly, all these capabilities are provided by Bragg cells which are
rugged. long-lite components that have no moving parts. Biagg cells are, therefore. very attractive
components from a systems application point-of-view.

A custom electronics box including frequency generators vas developed for the breadboard
using direct digital synthesis (DDS) to provide ultra-stable and fast frequency switching for the
Bragg cells. These electronics can be significantly miniaturized for flight applications.

In summary, acousto-optic beam steering technology has been proven as a viable approach
for lasercom beam steering at the breadboard level. The next step for development is to produce
brassboard-level hardware which implements miniaturized packaging technigues and to obtain
performance data under simulated or real environmental loading conditions.
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Appendix A. Breadboard Control PC Source Code

The following pages present the listing of the source code that exists on the breadboard PC
computer for all of the control and diagnostic functions. The code is written in Visual Basic®,
which is a registered trademark of the Microsoft Corp. The code has been extensively commented;
however, it is suggested that any desired changes not be made before contacting the author first to
avoid potential complications: Lee Burberry, Harris Corp. HISD, M/S 13-7747, P. O. Box 98000,
Melbourne, FL, 32902, phone (407)727-5317.
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LASERCCTM.F3M - )

Sub BOARDINIT ()
'SETUP DIGITAL I/0 3CARD FOR 24 BITS ALL QUTPUT
ot I =0 To 2
status = DIG_Prc_ConfigV(Byval 1, ByvVal I, ByVal 0, Byval 1)
Next I
‘set all bits ports O,and 1 %0 zero
poctout(0) = O
portout(l) = 0
portout(2) = (2 «+ 4 + 8 + 16)
'2 @ HARDWARE ON 4=RESET 8=W1 16«W2 INITIALI2ED TO SET
For I = 0 To 2 'send out initial states
status = DIG_Out_Portv(ByvVal 1, Byval I, . /Val portout(I))
Next I
XFreqCu: = Val(forml'Text2.Text)'read initial scate from screen text
YFreqOu: = Val(forml'!Textd.Text) 'read initial scate from screen text
Calil Freqout 'initialize Y and Y frequencies
End Sub

Sub CENTROIDING () 'routine to find weighted average of spot location

Dim DeqreeX, DegreeY As Single ‘'local X and Y holders

Dim Pix As Single ‘Pixel Grey Level

Dim I, J As Iateger 'local counters

Dim SumX, SumY, SumN As Double 'Sum holders

Dima Xlower, IUpper, YlLower, YUpper As Integer 'box size holders
Olm ymaz, Ymin, YDelta As Integer ‘Vertical scale holders

Dim XHalf As Integer ‘which halgt

Static Region As AVrzect 'defins a region variable “or partial frame capture
Const XOff = 10 ‘extent of centroid area in X

Const YOff = 130 'extent of centroin area in Y

Consc XMax = 210 'Global size of x area for scaling

Coust XMin = -30 ‘Global size of x ares for 3scaling

Const PixThreshold = 1 ‘it grey level below this, don't count it

1t Centzoin = True Then ‘only do it when button pushed

forml !Picture2.Visible = True 'Picture2 hold data for centroiding
formi 'AvContzoll.Visible = False ‘hide real time vidio
forml!avoverlay.Visible = False ‘hide overldy window
forml.TirerS.Fnabled = False ‘'turn off timer 30 no reentry
OldMouse = Screen.MousePointer'save old mouse pointer shape

Screen.MousePointer = 11 ‘set to hourglass while centroiding
SumX = 0 ‘dinitialize Sua X

SumY = 0 'initialize Sum Y

SumN = 0 *initialize Weighted Sum

YDelta = ~47
‘where to centroid azound in degree space
DegreeX = Val(forml.Textl) ‘'get position from screen toxt
If DegreeX >= 180 Then ‘Which half?
Ymin « -160 ¢+ YDelta
ymax ® 210 + YCelta
DegreeX = DegresX - 180 ‘X mod 180
XHalZ =« 180 ‘remesber to add 180 to output

Else
fmin < -160
ymax * 210
XHal? « 0
Ena It

'Torml 'Picture?.Scale (~30, 25)-(220, -25)'scale the data
forml'avoverlay.Sca.e (XMin, ymax)-(XMax, Ymin) 'scale the data
DegreeY = Val(forml.Text3) ‘'get positicn from screen text
‘set l.mits

YLower = T